The viscosity of the blood is an important factor in any consideration of blood flow or peripheral resistance (1) . In addition, a change in blood viscosity has been implicated in many clinical conditions (2) (3) (4) (5) (6) . The determination of blood viscosity in man, however, has been limited by poor techniques of doubtful accuracy. With the methods now available, blood is removed from the body and its viscosity determined relative to water. This relative viscosity is of limited value in any quantitative hemodynamic study, and cannot be converted into accurate absolute values because of changes occurring in the blood subsequent to its removal from the body. If the viscosity of blood in its unchanged state could be determined, an important experimental value would be made available. A technique for such a measurement is now described.
METHOD
According to Poiseuille's law (7) , during laminar flow of a homogeneous fluid in a tube of constant diameter, the frictional energy loss bears a linear relationship to the volumetric rate of flow and is independent of the vessel wall. Absolute viscosity of a fluid can be determined by passing the fluid through a tube of known length and radius while measuring the rate of flow and the difference in pressure between the ends of the tube. This relationship is expressed by the following formula: fTr q81' (1) where vi = absolute viscosity in grams sec. per cm.3; q = volumetric rate of flow as cm.' per sec.; r = radius and I = length of tube in cm.; f = frictional loss of energy as cm.' per gram (8) . If the absolute viscosity is expressed in dyne sec. per cm.', the unit of viscosity is the poise or centipoise (9) .
It has been shown that in vessels greater than 0.3 mm. diameter, blood behaves as a homogeneous mixture (10) , and at physiological pressures its flow is laminar (8) . According to formula (1) , viscosity is independent of the character of the vessel wall and a tube may be substituted for a blood vessel to allow an accurate determination of length and radius. The insertion of such a branching system does not invalidate Poiseuille's law. If a needle is to act as the tube, the factor vrr'/81 is more readily obtained by measurements of flow rates of distilled water at known pressures than by attempted determination of the cross sectional area of the needle, the bore of which is not constant. This was done by measuring the rate of flow of distilled water at 200C from a reservoir of known height. The following relationship then holds: Tr
Substituting the absolute viscosity of water at 200C, and converting it into centipoise, the needle factor X is derived from the formula:
where q and f have the meaning given above. The subject should be relaxed and the volumetric rate of blood flow should not be measured until at least three similar readings of venous pressure have been obtained. The venous pressure should be rechecked immediately after the determination of the flow rate, and if a gross discrepancy exists between this and previous measurements, the blood flow determination must be discarded. When minor differences exist, a mean value should be taken as the venous pressure during the thirty second period of blood flow determination. (2) The assumption is made that the venous pressure is the same during its measurement and during the blood flow determination. However, it is known that the pressure head acting on a tube increases in a change from the static state to active motion (9) . This error in the method is partially off-set by the fact that the needle does not completely occlude the vein, and a static state does not exist. The magnitude of this error, however, has not yet been determined. (3) Changes in blood temperature during determination of viscosity will lead to inaccurate results. Accordingly, longer needles and flow rates less than 0.1 cm.' per sec.
should be avoided unless the needle is thermostatically jacketed.
Blood viscosity is dependent on the volume of packed red cells and the concentration of plasma constituents. Normally the erythrocytes are responsible for the major contribution to the viscosity. However, in certain conditions (e.g., cryoglobulinemia) the presence of highly asymmetric molecules play a major role and this may be an important factor in the clinical picture. In this study an attempt was made to correlate the hematocrit with the absolute blood viscosity. Accordingly, patients with abnormal plasma constituents, or erythrocytes of abnormal size and shape, were excluded from the study group. In this way it was hoped to arrive at the normal relationship of absolute viscosity to the hematocrit.
RESULTS
On a hospital population, selected as above, 154 absolute viscosity determinations were carried out on 72 patients (Table I) . A single determination was made on nineteen patients; thirty patients had two determinations, eighteen patients three determinations, four patients four, and one patient five measurements of viscosity. In the 53 patients whose viscosity levels were repeated, the average intra-subject standard deviation was 0.12. Thus, at a hematocrit ranging about 45 per cent, the viscosity was determined to be 2.70 + 0.12 centipoises; the coefficient of variation at this level is therefore 4.5 per cent. This means that when one observation is recorded using the above technique, the true value will be within 8.9 per cent of the observation in 95 per cent of the cases. This is well within the range of error encountered in most hemodynamic procedures today.
Determinations were made at hematocrit ranges from 14 per cent to 76 per cent and mean absolute viscosity levels of 1.32 to 7.80 centipoises were found. When the hematocrit ranged from 40 per cent to 45 per cent, absolute viscosity ranged. from 2.30 to 2.75 centipoises. This value falls within and effectively narrows the range of normal viscosity approximated by Green (8) as 1.75 to 2.80 centipoises, which was obtained by converting various in vitro determinations to absolute values. The results are summarized in Table I .
When the absolute viscosity is plotted against the hematocrit (Figure 1 ), a smooth curve is obtained which closely follows the slope of a formula derived by Hatschek ( 11, 12) :
. i (6) where v-= viscosity of whole blood, -% = viscosity of plasma, and 4 = hematocrit expressed as a fraction. Hatschek The curve represents the theoretical relationship expressed by Hatschek's formula and is derived from the calculations of Trevan as explained in the text DISCUSSION An "ideal fluid" is one in which internal forces at any internal section are always normal to the section, even during motion; that is, forces are purely pressure. Since there can be no tangential force, the fluid is frictionless. This type of fluid does not exist. In an "actual' fluid," in addition to the pressure forces, tangential or shearing stresses always come into play whenever motion takes place. This shearing stress gives rise to fluid friction, and is due to the property of the fluid termed viscosity (9) .
Many methods have been devised for the determination of blood viscosity. The original attempts 2BERNARD PIROFSXY (14, 15, 16) were inaccurate and were replaced by the method of Hess (17) . This technique measures the comparative rate of flow of blood and water in similar tubes as an equal pressure is applied. General dissatisfaction with the method has been made evident by repeated attempts to produce a more accurate technique (13, (18) (19) (20) (21) (22) . All of these methods were of the in vitro type and yielded values for the viscosity of blood relative to water. The removal of blood from the body produces many changes in the blood which prevent a conversion of relative to absolute blood viscosity. Any method endeavoring to determine accurately blood viscosity must standardize the following factors: (a) Blood temperature. Burton-Opitz (23) showed that with cooling of blood, viscosity increased. This increase has been said to range from 0.8 per cent (24) Brundage (19) found that in zitro measurements of viscosity without anticoagulants were unsuccessful. Yet rendering the blood fluid by defibrination (26) , heparin (21) and hirudin (27) has been found to change blood viscosity. The use of oxalate salts which change cell volume is also inaccurate, as viscosity varies with cell volume (28, 29) . (c) Sedimentation of the blood. The volume of packed red cells influences blood viscosity. Therefore, blood settling during determination of viscosity will lead to erroneous values. (d) Blood carbon dioxide content. It has been shown (25, 30 ) that a change in the carbon dioxide content of the blood changes its viscosity, with the viscosity rising as the carbon dioxide content increases. Accordingly, it is necessary to equilibrate blood to atmospheric tension of carbon dioxide for accurate in vitro determinations. (e) Tube diameter. To determine viscosity according to Poiseuille's law, the fluid must be homogeneous. Fahraeus (10) found that blood acted as a homogeneous mixture only in tubes of 0.3 mm. diameter or larger. Below this point, viscosity decreases with the reduced diameter of the tube and does not follow Poiseuille's law. (f) Pressure-flow relationship.
Poiseuille's law can be applied to the motion of fluids only when that motion is laminar. Applying Reynold's equation, it is found that physiological blood flow is laminar except possibly in the aorta during the ejection phase (8) . Bayliss (31) found that the change of viscosity with velocity of flow is marked at low velocities, but becomes less evident as velocity increases. At physiological pressures an optimum range of velocity exists so that viscosity is unaffected by flow rate ( 17) . Fahraeus (10) used a pressure of 100 mm. Hg and considered that far above the critical level. Whittaker and Winton (32) found that pressures of 30 mm. to 120 mm. Hg maintained accurate viscositypressure relationships.
In order to compare in vivo and in vitro viscosity determinations, Whittaker and Winton (32) perfused the blood vessels of the hind limb of a dog. As expected from the capillary diameter, they found intravascular viscosity lower than viscosimetric values. Because of this, "apparent viscosity" was estimated on the basis of a modification of Poiseuille's law and no attempt was made to determine absolute viscosity. Mendlowitz (33) also employed this approach in determining digital intravascular viscosity in man. Objections can be raised in this application of Poiseuille's law for the determination of intracapillary viscosity. In his study on capillaries, Landis (34) found that Poiseuille's law could not be applied to a quantitative consideration of pressure drops in capillaries. This is borne out by Green's (8) demonstration that capillary blood flow is of the plastic type representing an interaction between the walls of the tube and the liquid. This is in contrast to viscous flow which represents solely an interaction between the layers of the fluid.
In the present method Poiseuille's law is used to determine the viscosity of blood as it flows in vessels 0.3 mm. diameter or larger. The advantage of the method is that viscosity is determined without changes in the blood and may be expressed in absolute units, allowing direct application in quantitative hemodynamic calculations.
The demonstration that the absolute blood viscosity is related to the hematocrit according to the formula described by Hatschek (11, 12) permits examination of the behavior of that component of the viscosity attributable to the red cell mass. Hatschek originally described this relation-ship for colloidal systems and found it applicable to systems with corpuscular concentrations of 65 per cent or greater. Trevan (13) showed that this formula applied to blood, demonstrating a + 1 per cent relationship at hematocrits above 45 per cent. The flat shape and easy deformability of the erythrocyte was believed to allow the application of this formula at lower hematocrits. Whittaker and Winton (32) modified the formula as given above (formula 6) and found it applicable for hematocrit ranges from 10 to 80 per cent. In their review of this relationship, they found that the slope of the derived curve was independent of viscosity units or pressure and could provisionally be adopted as an empirical relation between hematocrit and viscosity. Trevan made in vitro measurements of viscosity and Whittaker and Winton used a biological viscometer. A similar relationship between absolute blood viscosity and the hematocrit has been demonstrated in the present study.
The relationship of hematocrit to intracapillary blood viscosity described by Whittaker and Winton (32) and confirmed by Mendlowitz (33) 4. The use of Hatschek's formula and the hematocrit-to predict absolute blood viscosity is discussed. Some of the conditions leading to an abnormal hematocrit-viscosity relationship are mentioned.
